To characterize the morphology of neovascularization at the disc (NVD) and neovascularization elsewhere (NVE) in treatment-naïve or previously treated proliferative diabetic retinopathy (PDR) patients using optical coherence tomography (OCT) angiography.
T he hallmark of proliferative diabetic retinopathy (PDR) is neovascularization that occurs at the vitreoretinal interface. Neovascularization is often associated with tractional retinal detachment and vitreous hemorrhage, which are leading causes of visual loss in patients with diabetes. It is observed on fundus biomicroscopy as small and/or large new vessels creating irregular vascular networks either on the retinal surface or protruding into the vitreous cavity. 1 However, the contrast between the new vessels and background fundus structures, such as intraretinal microvascular abnormality (IRMA) or laser scars, is occasionally fuzzy when closely monitoring the morphologic changes in neovascularization at the microcirculation level. In the landmark clinical trials of the Diabetic Retinopathy Study and Early Treatment Diabetic Retinopathy Study (ETDRS), fluorescein angiography (FA) was used as an adjunct for classifying disease severity, evaluating the degree of macular edema, and guiding laser therapy. [2] [3] [4] But in actual clinical practice, FA is a useful modality not only to detect neovascularization, but also to ascertain the activity of the neovascularization. However, FA is an invasive and timeconsuming examination, and, therefore, it is not frequently performed.
Optical coherence tomography (OCT) is a noninvasive technique that provides cross-sectional retinal imaging and has been used clinically to diagnose and follow structural changes, such as macular edema, in diabetic retinopathy. 5 Several groups have reported features of neovascularization at the disc (NVD) and neovascularization elsewhere (NVE), as well as the associated changes at the vitreoretinal interface, using cross-sectional OCT images. [6] [7] [8] [9] [10] However, B-scan OCT images cannot directly visualize newly formed vessels; thus, concise morphologic evaluation of NVD and NVE remains restricted.
Recently developed OCT angiography techniques are gaining popularity for use in three-dimensional noninvasive chorioretinal vascular imaging. [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] [25] Without the effect of fluorescein leakage, en face OCT angiography can clearly visualize the microvascular structures of neovascularization. This was shown in a study by Kuehlewein et al., 18 branching pattern either in all directions from the center of the lesion (medusa pattern) or from one side of the lesion (sea fan pattern). Several authors have clearly shown neovascularization in PDR using en face OCT angiography. [19] [20] [21] [22] [23] We also recently reported the regression and pruning of NVD with remarkably proliferative microvessels following the intravitreous injection of anti-VEGF. 24 Spaide 25 described the signs of vascular abnormalities in CNV after anti-VEGF therapy observed by OCT angiography; however, morphologic assessment of neovascularization in PDR remains to be elucidated. In this study, we evaluated the characteristics of NVD and NVE in eyes with PDR using OCT angiography and FA to determine the correlation between the morphologic signs and the activity of NVD/NVE.
METHODS Study Population and Data Collection
This cross-sectional observational study was conducted at Asahikawa Medical University between December 1, 2014, and March 8, 2016 . The study was performed in adherence with the tenets of the Declaration of Helsinki and was approved by the institutional review board of the Asahikawa Medical University. All subjects provided informed consent to participate in this research. Inclusion criteria involved new or previous diagnosis of PDR based on the International Clinical Diabetic Retinopathy and Diabetic Macula Edema Disease Severity Scales 26 and high-quality OCT angiograms of retinal neovascularization recorded during the study period. Highquality OCT angiograms were defined by a signal strength of at least 60. All patients underwent comprehensive ophthalmologic examination, including measurement of the best-corrected visual acuity (BCVA), IOP, slit-lamp biomicroscopy, color fundus photography, and OCT. Central macular thickness was measured using the ETDRS foveal central subfield by macular OCT. The following systemic clinical data were also recorded for all subjects at the time of ophthalmic examination: body mass index, blood pressure, hemoglobin A1c (HbA1c) level, and duration of diabetes. Patients with any other retinal disorders, including history of vitreous surgery and the presence of media opacities, such as severe vitreous hemorrhage and cataract, were not included. Patients who previously received intravitreous injection of anti-VEGF drugs also were excluded. The classification of new vessels was based on location; NVD was defined as new vessels located at the disc or within 1 disc diameter from its margin, and NVE was defined as new vessels located outside this area. 1 In patients with several new vessels in either eye, only one new vessel that could be scanned with OCT angiography was enrolled in this study.
In all treatment-naïve patients (n ¼ 14), FA was performed using Spectralis HRA þ OCT (Heidelberg Engineering, Heidelberg, Germany). Nineteen patients who were previously diagnosed with PDR received panretinal photocoagulation (PRP). Most treated patients (n ¼ 16) also were examined by FA; however, two patients with severe renal failure and one patient with fluorescein allergy did not undergo FA.
En Face OCT Angiography
All patients were imaged using the commercially available spectral-domain OCT (RTVue XR Avanti; Optovue, Fremont, CA, USA) with AngioVue software (Optovue) to obtain en face OCT angiograms as previously described. 24 This OCT system operates at 70,000 A-scans per second to create 3 3 3 mm and 4.5 3 4.5 mm OCT angiograms consisting of 304 3 304 A-scans in approximately 2.9 seconds. The instrument has an axial resolution of 5 lm and a lateral resolution of 15 lm with an imaging range of 2 to 3 mm in the tissue. Each OCT angiogram was created using orthogonal registration and by merging two consecutive scan volumes. En face OCT angiograms (3 3 3 mm) were obtained from adjacent regions of the posterior pole, including NVE, by moving the software scanning area without changing the fixation using the Angio Retina mode. For assessment of NVD and NVE near the disc, OCT angiograms (3 3 3 mm or 4.5 3 4.5 mm) were obtained from the region around the optic disc using the Angio Disc mode. The scanning area was guided by the fundus observation of obvious fibrovascular membrane with slit-lamp biomicroscopy and/or the leakage in FA. We also confirmed the presence of new vessels using the B-scan OCT images with overlaying flow signal: the new vessels were observed as the structures with positive flow signal existing either on the retinal surface or protruding into the vitreous cavity. To best visualize new vessels on each en face OCT angiogram, segmentation of the inner border on the B-scan was manually moved at the vitreous cavity above the new vessels, whereas that of the outer border was manually adjusted just below the internal limiting membrane (ILM) to minimize the depiction of superficial vascular plexus.
Morphologic and Quantitative Evaluation of New Vessels
On en face OCT angiograms, the structural characteristics of new vessels and vascular flow areas of NVD and NVE were evaluated. The flow area was calculated by multiplying the number of pixels for which the decorrelation value was above that of the background with the pixel size, using the contained software (RTVue, version 2015.100.0.35; Optovue) as previously described. 24 In 12 previously treated or treatment-naïve eyes with NVD and NVE, the flow areas of new vessels before and 2 months after the start of PRP were measured from the same areas using en face OCT angiograms with the same segmentation boundaries. Measurements of the flow area represented the average of values captured by two observers (Y. S., H. Y.), who were masked to the clinical status of patients at the time of measurements.
Statistical Analysis
All data were expressed as the mean 6 SD. The Mann-Whitney U test was used for statistical analysis of continuous variables, and the v 2 test or Fisher's exact test was used for categorical variables. The Wilcoxon signed-rank test was used to compare flow areas before PRP with those after PRP in 12 eyes. SPSS statistics software version 19.0 (SPSS; Chicago, IL, USA) was used for statistical analysis, and P < 0.05 was considered statistically significant.
RESULTS

Baseline Characteristics
A total of 40 eyes with PDR in 33 patients (22 males and 11 females) were included in this study. The patients ranged in age from 32 to 74 years, with a mean age of 52.5 years. Twenty eyes in 14 patients were treatment-naïve, and 20 eyes in 19 patients had been previously treated with PRP. The demographic and clinical characteristics of treatment-naïve and previously treated patients are shown in the Table. There were no significant differences in body mass index, blood pressure, HbA1c, and duration of diabetes between the groups. The BCVA in treatment-naïve eyes was higher than that in treated eyes; however, the difference did not reach statistical significance (P ¼ 0.067). The intervals between PRP in treated eyes and study enrollment ranged from 6 months to 20 years.
Characteristic OCT Angiography Features of Retinal Neovascularization
In fundus biomicroscopy, new vessels were observed as irregular red blood columns on the optic nerve head and the retinal surface, or protruding into the vitreous cavity; however, their detailed structures were not seen clearly because of the background retinal structures and laser scars (Figs. 1A, 1D ). On en face OCT angiograms, two distinct morphologic features of new vessels were identified. First, most new vessels had the lesions with irregular proliferation of fine vessels, which were defined as exuberant vascular proliferation (EVP) (Fig. 1B) . The second type of new vessels had pruned vascular loops of filamentous new vessels, but not EVP (Fig. 1E ).
Relationship Between OCT Angiography Features and Fluorescein Leakage From Retinal Neovascularization in Treatment-Naïve or Previously Treated Eyes
In treatment-naïve eyes (n ¼ 20), FA showed extensive leakage from all sites of NVD/NVE, even in the early phase (from 30 seconds to 1 minute). Consequently, 19 NVD/NVE sites (95%) had EVP (Fig. 2) . In contrast, 13 (65%) of previously treated eyes (n ¼ 20) had EVP with ongoing active leakage in FA (Fig.  3) . Statistically, the number of treatment-naïve eyes with EVP in new vessels was significantly higher than that in previously treated eyes (P ¼ 0.043; Table) . Conversely, seven (35%) previously treated eyes had pruned vascular loops with no EVP by en face OCT angiography. These new vessels were observed as whitish fibrovascular membranes by fundus examination. Four eyes in which FA could be performed had faint leakage from pruned new vessels without EVP during the early phase of FA (Fig. 4) .
New vessels in all 36 eyes that were examined with FA showed leakage in the late phase (approximately 5 minutes). Conversely, all NVD/NVE sites with EVP (30/30; 100%) had active leakage in the early phase, whereas most NVD/NVE sites without EVP (5/6; 83.3%) had only faint leakage; the number of new vessels with active leakage in early-phase FA was significantly higher in NVD/NVE sites with EVP than in those without EVP (Supplementary Table S1 ; P ¼ 0.000016). The sensitivity and specificity of detecting EVP on active leakage in early-phase FA were 96.8% (30/31) and 100% (5/5), respectively. No significant differences in age, body mass index, blood pressure, HbA1c levels, duration of diabetes, BCVA, IOP, and central macular thickness were found between the eyes with EVP and those without EVP. However, among those eyes with NVD/NVE that were previously treated (n ¼ 20), the mean duration after PRP was significantly shorter in eyes with EVP than in those without EVP (3.1 6 4.3 years, n ¼ 13 vs. 11.1 6 7.6 years, n ¼ 7; P ¼ 0.026).
Changes in Retinal Neovascularization After Panretinal Photocoagulation
In eight treatment-naïve eyes and four previously treated eyes that still showed active new vessels, all of which had EVP, follow-up OCT angiograms were obtained 2 months after the start of PRP or after additional photocoagulation, respectively. Morphologically, pruning of new vessels and reduction in EVP were observed after the treatment (Figs. 5, 6 ). Additionally, the mean flow area of new vessels decreased significantly from 0.70 6 0.70 mm 2 to 0.47 6 0.43 mm 2 after PRP (n ¼ 12, P ¼ 0 .019). The flow area was decreased in all new vessels (n ¼ 11) but one, in which the flow area of NVD was conversely increased after PRP (Fig. 6E) .
Case Presentation
The time course of the treatment-naïve eye of a 51-year-old female with NVD that had increased flow area following PRP is presented in Figures 7 and 8 . At the first visit, FA showed no apparent signs of NVD (Figs. 7A, 7B) ; however, OCT angiography revealed the presence of vascular sprouting at the temporal rim of the disc (Fig. 7C) . After 3 months, vascular sprouts developed into NVD with some evidence of EVP (Fig.  7E) . At that time, PRP treatment started developing in the inferior retina in a clockwise direction. One month later, NVD exhibited signs of pruning, and the lesions associated with EVP were decreased (Fig. 7G) . Optical coherence tomography angiography performed at the end of 2 months of PRP showed that NVD had not disappeared, but had extended in a direction toward the macula (Fig. 7K) . Montage OCT angiography of the optic disc and macula was created to examine the complete morphology of fibrovascular membrane, including new vessels 5 months after the start of PRP (Fig. 8C) . The original NVD was now a large-trunk vessel, and new vessels were pruned; however, additional new vessels with EVP were extending toward the macula.
DISCUSSION
As we and others previously demonstrated, [19] [20] [21] [22] [23] [24] en face OCT angiography can directly visualize well-delineated microvascular structures of new vessels and differentiate them from original retinal vascular structures. However, the detailed morphologic features of these newly formed vessels have not been extensively characterized. The current study revealed that new vessels in patients with PDR could be morphologically divided into two main types: new vessels with EVP and those without EVP (Fig. 1) . EVP, which is the intense growth of irregular small-caliber vessels located at the margin of new vessels, likely represents active proliferation, as almost all treatment-naïve eyes with PDR (95%) had lesions with EVP (Fig. 2) . In contrast, the rate of EVP in new vessels in eyes treated with PRP was 65%, and the remaining new vessels without EVP (35%) in these previously treated eyes had only filamentous vascular loops (Table ; Figs. 3, 4) . These looped structures without EVP detected by OCT angiography were observed as whitish fibrovascular membranes without obvious red blood columns by funduscopy. The degree of leakage in FA also strongly supported the conclusion that these were indeed active new vessels. A previous study clearly demonstrated that immature (i.e., young) neovascularization had a much faster and greater leakage of fluorescein than mature (old) neovascularization. 27 The current results demonstrated that all new vessels with EVP had excessive leakage in early-phase FA, whereas 83.3% of the new vessels without EVP had faint leakage. This concordance between the presence of EVP in OCT angiography and remarkable leakage in early-phase FA indicated that the presence of EVP on OCT angiograms should be interpreted as an active sign of new vessels in clinical practice.
Corresponding to the reduction in fluorescein leakage after PRP, new vessels with EVP before PRP were predictably pruned in the vascular area and signs of EVP were decreased (Figs. 5, 6 ). Moreover, the mean duration after PRP in eyes with EVP was significantly shorter than that in eyes without EVP. Previous studies clearly demonstrated that VEGF concentration in the ocular fluid of patients with active PDR was higher than that in patients with quiescent PDR, 28, 29 and that VEGF levels decreased following successful laser photocoagulation. 28 Inhibition of VEGF by intravitreous injection of bevacizumab led to complete, or at least partial, resolution of leakage from new vessels in FA, with a concomitant reduction in the caliber or presence of perfused blood vessels.
30,31 Although we did not directly measure the VEGF concentrations in the ocular fluid of patients with PDR either before or after PRP in this study, we predicted that the VEGF concentrations after PRP treatment were decreased in parallel to decreased activity of new vessels and decreased EVP, as detected by OCT angiography.
Previously reported histologic findings have provided evidence on the role of VEGF in the development of EVP; for example, an angio-fibrotic switch in PDR has previously been proposed by several studies. 32, 33 Injection of anti-VEGF drugs could lead to a profibrotic switch with significant reduction in the neovascular component, as determined by decreased expression of the panendothelial marker CD34 and the marked increase in the contractile elements, smooth muscle actin and collagen, of the proliferative membrane over time. 33 These histologic findings provided evidence that EVP observed by OCT angiography might represent newly growing sections of active new vessels as they are significantly affected by VEGF inhibition. Conversely, pruned new vessels with no sign of EVP likely reflect the inactive fibrotic stage of neovascular membranes.
Furthermore, Spaide 25 recently evaluated the morphologic vascular abnormalities associated with periodic antiangiogenic therapy for CNV on OCT angiograms. He proposed that high levels of cytokines, such as VEGF, led to exuberant proliferation of new vessels (i.e., angiogenesis); however, after anti-VEGF injection, the levels of free VEGF dropped precipitously with subsequent regression of the newly growing vessels, particularly those with poor pericyte coverage. Some vessels with pericyte coverage remained, and arteriogenesis led to an increase in vascular diameter with increased blood flow through the remaining vessels. The consequent increase in VEGF and repeated inhibition of VEGF enhanced pruning of new vessels, leading to the formation of large-sized, abnormal anastomotic connections similar to those observed in shunt vessels. 25 These processes occurred in many blood vessels throughout the body and were likely to occur in new vessels in the eyes of patients with PDR. Our current observations showing that new vessels with EVP were converted to pruned new vessels with residual, larger vascular loops after PRP suggested that new vessels in the eyes of patients with PDR might be at least partially undergoing these processes.
In the current study, for the first time, we circumstantially reported the growth process of NVD in PDR (Figs. 7, 8 ): OCT angiography clearly demonstrated a vascular bud merging with another bud to distinctively undergo neovascularization with concurrent signs of EVP. Vascular spouting observed in this case was very similar to that of NVE from the superficial capillaries in hemicentral retinal vein occlusion, as we previously described. 34 Moreover, the exuberant NVD was pruned after the start of PRP and became a large-trunk vessel, whereas additional new vessels growing toward the macula had EVP. This patient did not have posterior vitreous detachment; thus, we predicted that the growing NVD trailed the posterior hyaloid toward the macula where laser treatment was not performed.
This study has several limitations. First, in some instances, OCT angiogram images vaguely showed the vessels of the superficial vascular plexus and/or radial peripapillary capillaries. En face segmentation of the outer border on OCT angiograms was set just below the ILM as the default setting of vitreous slab on AngioVue software, because thin fibrovascular membranes including new vessels could occasionally be misidentified as the ILM. Differentiation between neovascularization and IRMA should be considered, 9 as IRMA usually has minimal or no leakage in FA. 35 In the current study, we confirmed the presence of overlaying flow signals on OCT B- scan images in structures breaching the ILM and/or the posterior hyaloid; therefore, the potential interference of IRMA in evaluation of the extent of NVD/NVE was minimized. Second, we did not perform FA in 37.5% (3/8) of the eyes that had looped new vessels without EVP on OCT angiograms. However, in those three eyes, pruned new vessels on OCT angiograms were observed as whitish fibrovascular membranes with no obvious red blood columns on fundoscopy and were clinically diagnosed as inactive new vessels. 1, 10 A third limitation was the classification of buds (sprouts) of new vessels that could sometimes be detected using FA and OCT angiography. The morphology of the vascular buds observed with OCT angiography did not resemble an exuberant form, but instead was shaped like a tuft or a small loop; thus, buds could potentially have been classified as small new vessels without EVP in this study. However, vascular buds can sprout and grow into new vessels, as that was shown in our case (Fig.  7) ; thus, growing buds should be considered as active. The morphology of small new vessels by OCT angiography should be carefully evaluated, and might need to be supported with FA to determine the activity of particularly small new vessels especially. A fourth limitation was the very narrow field of view on 3 3 3 mm OCT angiography scans during screening for peripheral NVE. Although OCT angiography scans in the larger size of 6 3 6 mm can better visualize peripheral NVE, 23 the detailed features, such as the presence of EVP, are not clearly depicted due to low resolution. However, the development of wider and higher-resolution scans for OCT angiography should address this concern in the future.
In conclusion, en face OCT angiography allowed us to observe structures of retinal neovascularization at the microcirculation level and to evaluate the morphologic features of new vessels. Exuberant vascular proliferation observed in new vessels on OCT angiograms can be an active sign of neovascularization. Although a wider scan area is desired for future screening, morphologic evaluation of neovascularization using OCT angiography may be useful for clinicians to estimate the activity of each neovascularization in the eyes of patients with PDR.
